A simple method was devised for negativestain transmission electron microscopy of brain infected with the agent of scrapie. Brains of infected' hamsters contained large masses of tubuloframentous structures with irregular fuzzy surfaces. Brains of mice infected with Creutzfeldt-Jakob disease agent contained similar tubulofilaments in smaller numbers. The abnormal tubulofilaments resembled but were distinguished from normal microtubules. On grids soaked in sodium dodecyl sulfate the abnormal tubuloframents were found in stages of fragmentation, an outer coat appearing to strip from the surface to reveal thinner fibrillary structures resembling scrapie-associated fibrils (SAF). The unmasked fibrils were identified as SAF by immunogold labeling, while the larger tubulofilaments were not labeled. The findings indicate that in infected brain tissue SAF may occur as an internal part of a larger structure that is disrupted by detergent and are not likely to be an artifact formed during extraction procedures.
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Unique "virus-like" tubulovesicular particles ( Fig. 1 ) have been consistently observed by electron microscopy (EM) in thin sections of plastic-embedded brain tissues from several types of animals and from humans infected with the agents of scrapie and Creutzfeldt-Jakob disease (CJD) (1) (2) (3) (4) (5) (6) . However, progress in characterizing those particles or investigating their relationship to the etiological agents of the spongiform encephalopathies has been impeded by failure to identify them except in plastic sections, where they are relatively inaccessible to studies other than morphological analyses. We studied unembedded preparations of brain tissue by negative staining (7) with the goal of obtaining such particles in a state in which they could be concentrated and purified. Not only were abnormal tubulofilaments identified in brains of rodents with spongiform encephalopathies but also an unanticipated association was observed between those structures and filaments of the amyloid-like protein variously designated as scrapie-associated fibrils (SAF) (8) and prion protein 27-30 (PrP 27-30) (9, 10).
MATERIALS AND METHODS
Scrapie and CJD Agents. The strains of agent used have been previously described. The 263K strain of hamsteradapted scrapie agent (11, 12) was used at the 4th passage level (13) . The KFu strain of mouse-adapted CJD agent (14) was used at our 3rd passage level (15) .
Animals and Inoculations. Weanling female LGV/LAK golden Syrian hamsters were inoculated intracerebrally with 0.03-ml aliquots of 10% suspension of scrapie-infected brain as previously described. The inoculum of scrapie agent contained at least 107 LD50 units per 0.03 ml; animals became ill as early as 65 days later, and all had died by 90 days after inoculation. Weanling female National Institutes of Health white Swiss mice were inoculated intracerebrally with 0.03 ml of a 10-3 dilution of CJD-agent infected brain suspension; the inoculum contained at least 50 LD50 units per 0.03 ml.
Mice became ill 141 days later and were killed 149 days after inoculation. Animals selected for EM study were clinically ill with typical scrapie or CJD. (A few hamsters were examined during the incubation period of scrapie as well.)
EM. Suspensions of scrapie-infected hamster brain tissues were prepared for negative staining by a conventional technique in which sedimented material was diluted to opalescence in distilled water and mixed with 4% phosphotungstic acid, and then a drop was placed on a 400-mesh copper grid, left for 1 min, edge blotted, air dried, and examined (7) .
Freshly cut coronal sections of brain were examined by a simple technique that has been useful for rapid diagnosis of human herpes encephalitis (H.K.N., unpublished data) and for detecting herpesvirus, picornavirus, and flavivirus particles in the brains of mice with experimental encephalitis (unpublished data). In that technique, the EM equivalent of rapid "touch" or "impression" slides used for hematological and other clinical diagnostic studies, Formvar/carbon-coated 400-mesh copper or nickel grids moistened with distilled water, were placed on the freshly cut surface of the brain, left in contact for 1 min, and transferred face down to a drop of water for a few seconds. The preparation was then fixed on a drop of 2% (wt/vol) glutaraldehyde with 0.05% ruthenium red (2, 3) in water for 1 min, rinsed three times in water, transferred to a freshly prepared solution of 1% osmium tetroxide with 0.05% ruthenium red for 1 min, rinsed three times in water, stained with 2% phosphotungstic acid at pH 6.6 for 30 sec, edge drained on filter paper, and air dried. Grids were examined in a Phillips 201 electron microscope at 60 kV.
For detergent treatment, grids were moistened in 2% sodium dodecyl sulfate (NaDodSO4) prepared in 0.5 M Tris*HCI buffer, pH 6.8, containing 5% (vol/vol) 2-mercaptoethanol and then placed on the freshly cut surface of the brain tissue for 1 min, rinsed in water (sometimes in NaDod-SO4) for 1 min, and then negatively stained as described above. Great care was taken not to contaminate instruments with NaDodSO4, and tissues in contact with NaDodSO4 were not used again.
For immunogold-labeling studies Formvar/carbon-coated nickel grids moistened with water or with NaDodSO4 were laid on the freshly cut surface of the brain for 1 min, rinsed three times in water, and fixed for 5 min in 0.25% paraformaldehyde in water. They were then rinsed three times in 0.006 Proc. Natl. Acad. Sci. USA 84 (1987) Prusiner), to tubulin or microtubule-associated proteins (Miles), or to control rabbit sera. Grids were then rinsed three times in PBS/Tween and incubated for 1 hr with a 1:50 dilution in PBS/Tween of goat antiserum to rabbit immunoglobulin G (IgG) conjugated to gold particles 20 nm in diameter as previously described (17) . Finally, the grids were fixed in 2% glutaraldehyde with 0.05% ruthenium red and negatively stained as above. SAF were obtained by detergent extraction of hamster brain suspension as previously described (16, 18, 19) , and sedimented onto Formvar/carbon-coated nickel grids by low-speed centrifugation (20) . The grids were fixed in paraformaldehyde, washed in PBS/Tween, and then immunostained as above.
RESULTS
In repeated trials we failed to find tubular particles in suspensions of brain tissues. However, examination of im- pression grids from brains of hamsters infected with the 263K strain of scrapie agent revealed masses of long sinuous tubulofilamentous structure ( Fig. 2A) , sometimes appearing to be enclosed within a membrane (Fig. 2B) . Tubulofilaments measured approximately 50 nm across and were often more than 1 Am in length. They had an irregular outline without obvious twists or constrictions (Fig. 2C) ; no regular periodic surface substructure was apparent. Often a central core of increased stain density was evident at lower magnifications ( Fig. 2A) but not at higher magnifications (Figs. 2C and 3A) . The abnormal tubulofilaments were distinguishable from normal microtubules found in both control and scrapieinfected hamster brains: normal microtubules (Fig. 3B) were usually straighter and thinner, measuring approximately 40 nm across, with clear outlines and a sharply demarcated central core density seen well at all magnifications. Although substantially thicker than the tubulovesicles seen in thin section [22-26 nm in diameter (1)], the negatively stained tubulofilaments were otherwise similar in appearance, and no other abnormal tubular structures were found.
Several small groups of impression grids prepared from brains of scrapie-infected and normal hamsters were randomized and examined while identified only by code; after experience was gained in making the distinction, abnormal tubulofilaments were not identified in normal brain preparations, although they were sometimes missed in preparations from scrapie-infected brains.
The abnormal scrapie-associated tubulofilaments tended to become thicker as impression grids were exposed to water for increasing periods of (Fig. 3D) ; after longer exposures we found tubulofilaments from which the outer surfaces seemed fragmented. Normal microtubules did not swell under those conditions. Similar preparations from brain tissues of mice infected with the CJD agent (14, 15) yielded smaller numbers of morphologically identical tubules (Fig.  3C) .
When grids from scrapie-infected brains were exposed to 2% NaDodSO4 for 30 sec instead of water, tubulofilamentous structures were found in various stages offragmentation (Fig.  4) , revealing underlying central filaments (Fig. 4 C and D) resembling those described as SAF. The fibrils were distributed on the grids with about the same frequency as the tubulofilaments: 10 per grid square or more. They were 12-16 nm across at their thickest points and were as long as 1 ttm. The filaments often had discernible periodic narrowings with periodicity of about 100 nm. No abnormal fibrils were found on grids prepared from normal hamster brains. When NaDodSO4-treated impression grids prepared from brains of scrapie-infected and normal hamsters were randomized and examined under code, SAF were identified consistently in preparations from scrapie-infected brains but not in those from normal brains. In a coded series of NaDodSO4-treated impression grids prepared from the brains of hamsters at intervals from 13 to 80 days after inoculation with the scrapie agent, SAF were first detected inconsistently at 31 days and were found on all grids prepared at 73 days and thereafter.
Specific decoration with gold granules of the fibrils obtained by touch preparation (Fig. SB) was identical to that seen with SAF obtained by detergent extractions of infected brain suspensions (Fig. 5C) (16, 19) . Control preimmunization rabbit sera and rabbit sera prepared against tubulin and the microtubule-associated proteins MAPS-2 and r gave no specific staining of tubulofilamentous structures or of SAF. (Normal microtubules were decorated with anti-tubulin and anti-MAPS-2 and T.)
DISCUSSION
Abnormal tubulofilamentous structures were consistently observed on negatively stained impression grids prepared from the brain tissues of animals with spongiform encephalopathies. They resembled but could be distinguished from normal microtubules. It seems unlikely that they represent pathological microtubules, because they were not decorated by antisera to normal microtubular antigens.
The abnormal tubulofilaments were the only negatively stained structures that resembled the tubulovesicular particles seen in plastic-embedded thin sections of brains with spongiform encephalopathies (2, 6) . The tubulofilaments were substantially thicker (50 nm) than tubulovesicles observed in thin sections (23 (1) . The periodic substructure sometimes reported to occur in the 23-nm tubules seen in thin sectionoverlapping arrays of spheres (4, 22)-was not seen in negatively stained tubulofilaments, but it is not usually apparent on thin section either (Fig. 1) . In the absence of any known antigen or other identifying marker for either structure, it is not possible to determine whether the tubules seen on negatively stained grids and those in plastic-embedded preparations are identical.
After grids were soaked for 10 min in water or even a few seconds in NaDodSO4, negatively stained tubulovesicles appeared to fragment, shedding amorphous material from the surface of a central filament. After longer exposures to NaDodSO4, no tubules were seen, but twisted filaments remained. The filaments looked like SAF and were stained by antibodies to SAF.
The structure of the etiological infectious agents of the spongiform encephalopathies is still unknown (23) (24) (25) . Because of their extreme resistance to inactivation by physical and chemical treatments (26) , their apparent lack of antigenicity (27) , and repeated failure to identify viruses in preparations of high infectivity (23) (24) (25) , it has been hypothesized that the agents are subviral in size and devoid of nucleic acids (23, 25, (28) (29) (30) (31) . In spite of recent attempts to find an infectious protein (31), the existence of such a novel pathogen remains hypothetical (32, 33) . However, the antigenically related pathological proteins that form typical filaments described as SAF (8) and containing protease-resistant hydrophobic sialoglycoproteins (34) of molecular mass 27-30 kDa (PrP 27-30) (9, 35), not found in normal tissues, have been proposed as the elusive agent (9, 36) , or at least a component of the agent. The abnormal SAF or PrP 27-30 proteins are found in brains of individuals with all spongiform encephalopathies studied (16, (37) (38) (39) , and they appear to be the source of amyloid-staining material that accumulates in those diseases (40, 41) . However, the SAF/PrP 27-30 proteins are coded for by a normal host gene (42, 43) , an antigenically related protein occurs in normal tissue (44) , and several studies suggest that infectivity can be separated from the protein (45) (46) (47) (48) (49) (50) . Whatever its relationship to the etiological agents, SAF protein is clearly of great importance in the pathogenesis of the spongiform encephalopathies (51) .
Several explanations can be suggested for the results that we observed. It is possible that in infected brain, before extraction by detergents, SAF are folded into thick tubular structures that obscure those epitopes with which our antisera react, and that the tubules open into typical SAF after exposure to detergent. That explanation seems implausible, since none of the abundant fluffy material fragmenting from the tubules and adjacent to the SAF was stained by antibodies to SAF or PrP 27-30, and the background was almost totally free of gold granules. It seems more likely that some other substance coats the surface of SAF in scrapie-infected brain and that detergent releases SAF from surrounding material. The abnormal tubulofilaments in brains infected with the agents of the spongiform encephalopathies must be characterized and identified, and their association, if any, with infectivity must be established.
